In this paper we study ATLAS results on underlying event in pp collisions at √ s = 0.9, 7 and 13 TeV. We show that the center-of-mass energy dependences of the charged-particle production sensitive to the underlying event ("transverse" region) and to the hardest partonic interaction ("towards" and "away" regions) in pp collisions can be both understood in terms of the change of the inclusive average multiplicity. Within uncertainties, the corresponding particle production as a function of the leading charged particle shows no significant √ sdependence for the three regions once they are scaled according to the relative change in multiplicity. The scaling properties reported here are well reproduced by PYTHIA 8.212 tune Monash 2013 and suggest an universality of the underlying event in hadronic interactions at high √ s. Based on the simulations, we observed that the same scaling properties are also present in the average number of multi-partonic interactions as a function of the leading charged particle. Moreover, the multiplicity distributions associated to the underlying event exhibit a KNO scaling.
Introduction
At the Large Hadron Collider (LHC) energies, the interacting objects are quarks and gluons (partons) which only carry a small fraction of the proton momentum (x). For instance, considering minimum bias proton-proton (pp) collisions at √ s = 13 TeV, most of the partonic interactions at mid-rapidity are among gluons with x ≈ 2p T / √ s ≈ 10 −3 [1] . An accurate description of these processes is essential for simulating single pp interactions as well as the pile up effects that become important in high intensity runs at hadron colliders.
Particle interactions at these energy scales are typically described by QCDinspired models implemented in Monte Carlo (MC) event generators [2] .
A typical pp collision can be visualised as a main hard partonic scattering surrounded by the so-called Underlying Event (UE). The UE can receive contributions not only from multiple partonic interactions and color reconnection (CR) between hard partons and beam remnants [3] , but also from processes typically associated with hard physics like initial-and final-state radiation [4] .
Clearly, it is difficult to isolate the UE component of the interaction, because even in the most naive model of particle production the interaction among colored objects before hadronization has to be considered. Such observables have already been studied in pp collisions from √ s = 0.9 to 13 TeV by the LHC experiments [5, 6, 7, 4, 8, 9, 10, 11, 12, 13] . Also, some measurements in pp collisions in dijet and Drell-Yan events at CDF with center-of-mass energies of √ s = 1.8 and 1.96 TeV [14, 15, 16] are available.
The study of the UE has become attractive also for the heavy-ion community, because now the the multiplicity dependent UE effects has to be separated from those attributed to new physics [17, 18] . At the LHC many interesting results have been obtained from pp data, in particular at high multiplicity pp collisions where the possible formation of a deconfined medium (sQGP [19] )
is under discussion. Interestingly, most of the observables have been found to scale with the event multiplicity, rather than with the center-of-mass energy.
Among them, the identified particle production reported by the CMS [20] and the ALICE [21] collaborations have unveiled a strong multiplicity dependence that makes the multiplicity dependent transverse momentum spectral shapes to be compatible with the expected effects driven by radial flow. In addition, the event shapes studies reported for the first time using minimum bias events exhibit a remarkable multiplicity dependence that is not described by the QCDinspired MC generators [22, 23] .
It also has to be reminded that high multiplicity events can be associated with small impact parameters, which can be selected by requiring a hard-p T scale ("jet pedestal effect") [18] . Since for pp collisions the √ s increase is accompanied by an increase of the multiplicity [24] , then the recent measurement on UE [9] should have an implicit multiplicity dependence that can be disentangled using the UE data at different √ s. The understanding of the multiplicity dependent effects is important for the correct interpretation of the results. The main goal of the present paper is therefore to study whether we can factorize the multiplicity and √ s-dependences of the UE-related observables in order to gain some insight into the physics mechanism behind the pp collisions.
The article is organised as follows: section 2 outlines definitions of the observables measured in the underlying event analysis and introduces the data set used in the present study. The scaling procedure is described in section 3 as well as results and comparisons with PYTHIA 8.212 [25] . Finally section 4 contains a summary and outlook.
The underlying event observables
Number density.. The particle density, expressed as the mean number of charged
is computed as the average number of primary charged particles per unit pseudorapidity (∆η) and per unit azimuthal separation (∆φ). The latter is the angular difference between a charged particle and the leading charged particle, i.e. the Summed transverse momentum.. The mean scalar p T sum per unit pseudorapidity and per unit azimuthal separation
is obtained using the transverse momenta of primary charged particles. Primary charged particles are defined as those with a mean lifetime τ > 300 ps, which are either directly produced in the pp interaction or from subsequent decays of particles with a lifetime τ < 30 ps.
This measurement uses the established form of UE observables [26] , with the azimuthal plane of the event segmented into several distinct regions having different sensitivities to the UE. As illustrated in Fig. 1 , the azimuthal angular difference with respect to the leading charged particle, is used to define three regions.
• "Towards" region: |∆φ| < π 3 .
• "Transverse" region:
• "Away" region: |∆φ| > Transverse region As the scale of the hard scattering increases, the leading charged particle acts as a convenient indicator of the main flow of the hard-process energy. The towards and away regions are dominated by particle production from the hard process. In contrast, the transverse region is more sensitive to the UE and observables measured inside it are the primary focus of UE measurements. The variables calculated in this analysis are constructed using primary charged particles with p T > 0.5 GeV/c and |η| < 2.5 with the leading charged particle requirement of p 
Results and discussion
The underlying event analysis considers primary charged particles with transverse momentum above a given threshold. In addition, depending on the features of the experiments different intervals of pseudorapidity are used. In the present paper we consider the selection at the particle level from ATLAS (p T > 0.5 GeV/c and |η| < 2.5), however, the conclusions should hold for narrower pseudorapidity intervals [10] . In order to obtain the average multiplicity value at |η| < 2.5, the transverse momentum distributions of inclusive charged primary particles in pp collisions at √ s = 0.9, 7 and 13 TeV [27, 28, 29] were integrated for p T > 0.5 GeV/c. The total uncertainties (quadratic sum of statistical and systematic uncertainties) associated to the spectrum were propagated to the integral and assigned as systematic uncertainty to the average multiplicity. For pp collisions at √ s = 0.9, 7 and 13 TeV, we obtained dN ch /dη |η|<2.5, pT>0.5 GeV/c = 1.306 ± 0.069, 2.405 ± 0.070 and 2.862 ± 0.037, respectively.
Using those values, the relative variation (f ) of the average multiplicity with respect to pp collisions at √ s = 0.9 TeV was calculated. The number density and the summed p T were both scaled considering the factors f = 1, 1.842 and 2.191 for pp collisions at √ s = 0.9, 7 and 13 TeV, respectively. Figure 3 shows the number densities (top panel) and the summed p T (bottom panel) for the three regions considered after scaling by 1/f factor. In this representation these quantities show, within uncertainties, little center-of-mass energy dependence.
For the towards and the away regions, we observe that the multiplicity density increases monotonically with the p leading T scale. While in the transverse region, after a monotonic increase at low p leading T (< 5 GeV/c), the distribution tends to flatten out. This is the so-called "jet pedestal effect" which can be interpreted as the evidence for an impact parameter dependence in the hadronic collision [3] that makes the bulk particle production independent of the hard scale.
It is worth noting that the same factor f , which takes into account the change in the multiplicity associated to soft physics, is able to unveil these scaling properties for regions having different sensitivities to the underlying event. The small √ s-dependence observed in data can be understood as follows.
If the scaling holds for the transverse region (as supported by data due to its large sensitivity to soft physics), then the UE components within the towards and away sides are expected to scale with the event multiplicity. Since particle production associated to jets is √ s-independent (jet universality), then the small √ s-dependence observed in the towards and away regions could be attributed to different contributions from quark and gluon jets.
It is important to remaind that ALICE has reported the √ s-dependence of the particle production in the so-called plateau interval [10] ; p leading T -range from 4 to 10 GeV/c at √ s = 0.9 TeV and from 10 to 25 GeV/c at √ s = 7 TeV both in the transverse region (UE). The relative increase of the activity in that region from 0.9 to 7 TeV was found to be larger than that for the dN ch /dη. Such an observation is consistent with what we see in our study.
To complement the study, Fig. 4 shows the multiplicity-scaled number density and summed p T for pp collisions at √ s = 0.9, 7 and 13 TeV simulated with PYTHIA 8.212 [25] tune Monash 2013 [30] . Surprisingly, the scaling is ) and soft physics (summed p T considering low momentum charged particles) which increases the particle's p T via color strings connecting low momentum partons with others of higher p T scales.
Another posible cause of the observed effect are the multi-partonic interactions (MPI) because in PYTHIA this is the mechanism which produces the UE. Therefore, we investigated whether the factor f has some sensitivity to the change of the average number of multi-partonic interactions ( N mpi ) going from low to high √ s. using charged particles within |η| < 2.5 and p T > 0.5 GeV/c. It is important to say that the usage of minimum bias pp events for the calculation of the charged particles multiplicity played a crucial role because this quantity is very sensitive to MPI.
The scaling properties reported in this paper suggest a sort of KNO scaling [33] of the underlying event. The KNO scaling is the hypothesis that at high energies √ s the probability distributions P (n) of producing n particles in a certain collisions process should exhibit the scaling relation:
with n being the average multiplicity. This means that the rescaled data points P (n) measured at different energies collapse onto the unique curve Ψ [34] . An analysis of the multiplicity distributions of pp and pp data from √ s = 23.6 GeV to √ s = 1.8 TeV shows that the KNO scaling does not hold except for very central and small regions of phase space [35] .
To check whether the UE exhibits a KNO scaling, the charged particles multiplicity distributions (|η| < 2.5, p T > 0) of the UE region (transverse region) are studied in KNO variables. Figure 6 shows the results for pp collisions at √ s = 0.9, 7 and 13 TeV simulated with PYTHIA 8.212 and requiring the leading particle to satisfy p leading T ≥ 10 GeV/c. In this representation all the distributions seem to collapse onto the same universal curve. A similar effect was already reported for the so-called rare events C [36] ; assuming that a single hadron-hadron collision results from the superposition of ν elementary partonic collisions emitting independently, it can be shown that the probability distributions associated to a rare event C obeys the universal relation:
Which is exactly what we get assuming that N ch is proportional to ν, being ν identified with N mpi . The KNO scaling properties could be further checked in data by studying multiplicity distributions associated to either jets or underling event. For this reason, the event shape analysis has been proposed as a tool to by f , as a function of the transverse momentum of the leading particle. The factor f was calculated using the inclusive charged particle production within |η| < 2.5. The boxes around the points indicate the RMS of the N mpi distributions for each momentum interval. Results for pp at √ s = 0.9, 7 and 13 TeV are displayed.
isolate jet and UE enriched samples in pp collisions [23] . 
Conclusion
In this paper we have used ATLAS measurements on underlying event in pp collisions at √ s = 0.9, 7 and 13 TeV. We have found that the energy dependence of such quantities as a function of the hard transverse momentum scale can be explained as a consequence of the change in the average multiplicity density of primary charged particles. The study was conducted considering charged particles with p T > 0.5 GeV/c and |η| < 2.5. Such a scaling property was observed for three regions sensitive to different processes: towards and away (sensitive to the fragmentation products of the hardest partonic interaction), and transverse 
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